Background/Objectives: We previously demonstrated that acute exposure to hypoxia (3 h at 3000 m) increased oxidative stress markers. Thus, by using the 'living high-training low' (LHTL) method, we further hypothesized that intermittent hypoxia associated with endurance training alters the prooxidant/antioxidant balance. Subjects/Methods: Twelve elite athletes from the Athletic French Federation were subjected to 18-day endurance training. They were divided into two groups: one group (control group) trained at 1200 m and lived in hypoxia (2500-3000 m simulated altitude) and the second group trained and lived at 1200 m. The subjects performed an acute hypoxic test (10 min at 4800 m) before and immediately after the training. Plasma levels of advanced oxidation protein products (AOPP), malondialdehydes (MDA), ferric-reducing antioxidant power (FRAP), lipid-soluble antioxidants normalized for triacylglycerols, and cholesterol and retinol were measured before and after the 4800 m tests. Results: After the training, MDA and AOPP concentrations were decreased in response to the 4800 m test only for the control group. Eighteen days of LHTL induced a significant decrease of all antioxidant markers (FRAP, P ¼ 0.01; a-tocopherol, P ¼ 0.04; b-carotene, P ¼ 0.01 and lycopene, P ¼ 0.02) for the runners. This imbalance between antioxidant and prooxidant might result from insufficient intakes in vitamins A and E. Conclusions: The LHTL model characterized by the association of aerobic exercises and intermittent resting hypoxia exposures decreased the antioxidant status whereas the normoxic endurance training induced preconditioning mechanisms in response to the 4800 m test.
Introduction
Since the 1970s, altitude training is frequently used by endurance athletes to improve their sea-level performance (Levine and Stray-Gundersen, 1997; Stray-Gundersen et al., 2001) . Nevertheless, scientific studies showed conflicting results probably due to the complex adaptation of training load in hypoxia (Levine, 2002) . The 'living high-training low' (LHTL) model purposed by Levine et al. (1991) reduces the deleterious effects of altitude exposure during training caused by reduced exercise intensity. Indeed, LHTL is characterized by a continuous exposure to hypoxia during resting periods and by physical training sessions in normoxia.
Nowadays, it is clearly demonstrated that an acute physical exercise increases reactive oxygen species (ROS; Ji, 1996) and subsequent oxidative stress markers in the biological tissues (Vollaard et al., 2005) . The positive correlation between the leakage of electrons in the mitochondrial matrix from the II and III complexes and the oxygen flux is the most well-known hypothesis for explaining the ROS over generation during exercise (Sen, 2001) . Additionally, other phenomena such as the activation of the enzymes nicotinamide adenine dinucleotide phosphate oxidase and xanthine oxidase (Askew, 2002) could be also responsible for this ROS over production.
On other hand, periods of hypoxia could also cause an oxidative stress (Joanny et al., 2001; Bailey et al., 2001a; Wing et al., 2003) . We previously demonstrated (unpublished data) that a 3-h exposure to hypoxia, at rest, at a simulated altitude of 3000 m induced an increase in oxidized lipids (malondialdehydes, MDA) and in advanced oxidation proteins products (AOPP) in elite endurance athletes known to have strong enzymatic antioxidant defenses (Robertson et al., 1991; Urso and Clarkson, 2003) . Indeed, during hypoxia, ROS generation would be increased by mitochondrial dysfunction causing an excessive leakage of electrons from the respiratory chain (Kehrer and Lund, 1994) , by an enhancement of catecholamine production and by phospholipase A2 activation (Askew, 2002) .
Consequently, the association of physical exercise and hypoxia exposure during LHTL training might induce an imbalance between prooxidant and antioxidant. Previous works show that the oxidative stress was accentuated during a training course at moderate altitude (Vasankari et al., 1997; Chao et al., 1999; Subudhi et al., 2004) . Additionally, we previously described a weakening of antioxidant markers in plasma after a 'living low-training high' model (Pialoux et al., 2006) . We concluded that the increase of prooxidant molecule production during such training led to an antioxidant consumption, which outmatched the antioxidant intake.
Therefore, the main goal of this study was to determine whether an LHTL model (using a normobaric hypoxia simulating an altitude of 2500-3000 m) modifies the antioxidant/prooxidant balance on the elite endurance athletes. To investigate the underlying mechanisms of this phenomenon, we examined, after the LHTL training, exactly the same acute hypoxia test reported in our first article. We hypothesized that this type of training characterized by repeated aerobic exercise sessions and resting moderate hypoxia periods LHTL could weaken the resting antioxidant status and increase the values of oxidative stress markers (lipids and proteins derived) in response to the acute hypoxic test. The second aim was to determine whether the antioxidant intake was sufficient when compared with recommended values for this population.
We have tested elite endurance runners subjected to 18 days of LHTL.
Materials and methods

Subjects
The study was approved by the Necker Hospital Ethics Committee (Paris, France). After a complete medical examination and an echocardiography, written informed consent was obtained from all the subjects. All subjects were low-altitude residents and were not acclimatized to altitude prior to the study.
Twelve elite middle-distance male runners were recruited from the national team of the French Athletic Federation. Means (s.e.m.) for age, height and body mass were 23.9 years (4.8), 177.2 cm (4.4) and 63.3 kg (3.2), respectively.
The subjects were divided into two groups of six subjects matched according to their maximal oxygen uptake (VO 2-max): a group subjected to LHTL (HG) and a control group (CG) subjected to a 'living low-training low' model, that is which undertook the same training as HG in normoxia without exposure to hypoxia during the resting periods. All runners participated either in International (World and European cups) trials.
Experimental design
Testing procedure and training sessions of the two studies were led in the Centre National de ski Nordique in Prémanon (France) during the aerobic preparation period of athlete's prior to the competitive season.
The subjects were subjected to 18-day period of supervised aerobic training with (HG) or without (CG) hypoxia exposure. The evaluation were conducted before (pre-training period, PRE) and the first day after (post-training period, POST) the training period cessation (Figure 1 ).
Pre-training and post-training period. During these periods echocardiography, blood samplings, performance tests (VO 2-max and field trials) and hypoxia tolerance test (4800 m test) were carried out.
Training period
Runners. HG runners trained during 18 days (1 h per day) at the low altitude of Prémanon (1200 m) spend resting and sleeping periods (14 h per day) in a hypoxic chamber at a simulated altitude of 2500 m for 6 nights and of 3000 m for Live high-train low and antioxidant balance V Pialoux et al the 12 subsequent nights. CG runners followed the same training program as HG runners and lived at the altitude of 1200 m. Complete protocol of the running session was described elsewhere (Brugniaux et al., 2006a) .
Hypoxic rooms. Normobaric poikilocapnic hypoxia in the rooms was obtained through an oxygen extraction system (OBS, Husøysund, Norway). For safety reasons, air composition (O 2 and CO 2 ) of each hypoxic room was continuously monitored by O 2 and CO 2 analyzers (OBS) as well as nocturnal arterial oxygen saturation of each athlete by finger pulse oximetry (NPB-290, Nellcor Puritan Bennett, Pleasanton, CA, USA).
Hypoxia tolerance test. Hypoxia tolerance test (4800 m test), presented in Figure 2 and described in details in Brugniaux et al. (2006b) , was carried out the morning after the breakfast, 3 days before and the first day after the training cessation. Briefly, this test is composed of four successive of 5-min stages on cycle ergometer (stage 1, normoxia at rest; stage 2, hypoxia at rest; stage 3, hypoxia at 30% of VO 2 max and stage 4, normoxia at 30% of VO 2 max).
Performance tests. The subjects performed two aerobic performance tests (VO 2 max and a field test) the second and the third days after the training. Complete description of performance tests was published elsewhere (Brugniaux et al., 2006a) .
Measurements
Intake. The intake of vitamins E and A (retinol þ b-carotene) and percentage of energy intake of carbohydrates, lipids and proteins were determined from the dietary recording using GENI software (MICRO-6, Villers-lès-Nancy, France) with French (Regal) and German (Souci) tables for food composition. The diet was evaluated during the training period by the estimation of food and beverage intake. The subjects had to record in their notebooks food intake as precisely as possible. All these data were validated using a specific picture book for the estimation of quantities (Le Moulenc et al., 1996) .
Biochemical analysis. Blood was collected in sitting position from an antecubital vein in three 5 ml EDTA tubes for biochemical (plasma) and hematological (total blood) analyses in PRE and POST before and after the 4800 m test in sitting position. We measured: (1) Oxidative stress markers: plasma-oxidized lipids measured as MDA and plasma AOPP (2) Antioxidant markers: plasma ferric-reducing antioxidant power (FRAP), lipid-soluble antioxidants (a-tocopherol, b-carotene and lycopene) (3) Blood lipids: plasma triacylglycerols (TGs) and total cholesterol (CH) (4) Hemoglobin concentration ([Hb]), hematocrit (Ht) and red-cell volume.
The complete description of biochemical and hematological analyses was described in Pialoux et al. (2006) .
Statistics
Statistical analyses were performed using Statview software (5.0, SAS Institute Inc., Cary, NC, USA). The values were expressed as means (s.e.m.) or percentage. A three-way repeated-measures analysis of variance (ANOVA) was used (two groups, CG and HG; two times, before and after the training; two conditions, rest and 4800 m test) followed by Tukey's post hoc test.
Results
Effect of LHTL (PRE vs POST)
Runners trained 20 h for 18 days. Training data were not significantly different between CH and HG. Complete results concerning training data, hematology and performance were published elsewhere (Brugniaux et al., 2006a) .
Biochemical responses Plasma AOPP. The endurance training increased resting plasma AOPP concentration (PRE vs POST) for both groups ( þ 87%; Po0.001 for CG and þ 104%; P ¼ 0.002 for HG) (Tables 1 and 2 ). In PRE, 4800 m test induced an AOPP rise in both groups ( þ 7%, P ¼ 0.03 for HG and þ 33%; P ¼ 0.01 for CG) whereas in POST, only HG increased plasma AOPP concentration after the same test ( þ 81%; P ¼ 0.01) (Figure 3 Live high-train low and antioxidant balance V Pialoux et al both groups ( þ 28%; P ¼ 0.02 for CG and þ 62%; P ¼ 0.002 for HG). This increase was significantly higher in HG than in CG (P ¼ 0.02). Only before training, the 4800 m test induced a significant increase in both groups ( þ 4%; P ¼ 0.04 for HG and þ 4%; P ¼ 0.04 for CG) (Tables 1 and 2 ).
Plasma FRAP. Eighteen days of LHTL induced a decrease in resting antioxidant power (HG, À20%; P ¼ 0.01) whereas FRAP values were not altered by the normoxic training. Moreover, FRAP was significantly lower (P ¼ 0.04) in HG than in CG after the training whereas we did not find any differences before the training (Figure 4) . Regardless the training model (normoxia vs LHTL) and the period (PRE vs POST), FRAP was not significantly modified by the 4800 m test (Tables 1 and 2 ).
Lipids-soluble antioxidants. As for FRAP, 18 days of LHTL induced a decrease in resting a-tocopherol (HG runners, 18%; P ¼ 0.04), a-tocopherol/triacylglycerols (TG) ratio (À26%; P ¼ 0.005) and a-tocopherol/CH ratio (À35%; P ¼ 0.02) whereas these values were not altered by the normoxic training (Figure 4) . On the contrary, regardless the training model (normoxia vs LHTL) and the period (PRE vs POST), a-tocopherol/TG and a-tocopherol/CH ratios were not significantly modified by 4800 m test (Tables 1 and 2) .
As for a-tocopherol, its resting lycopene (À37%; P ¼ 0.01) and b-carotene (À15%; P ¼ 0.03) concentrations only decreased for HG runners after LHTL training.
Retinol. As expected, plasma retinol concentrations were not modified regardless the conditions and the groups (Tables 1 and 2 ). Table 3 ).
Live high-train low and antioxidant balance V Pialoux et al Vitamins A and E intake. The daily intake values are presented in Table 3 .
Vitamins A and E intake represented respectively 76 and 53% of recommended daily allowance (RDA).
The percentage of lipids for the runners was lower (21%) and the percentage of carbohydrates was higher (59%) than RDA.
Discussion
As we hypothesized, intense normoxic training associated with resting exposures to hypoxia during a long period (18 days) worsened the antioxidant capacities of the runners.
By mobilizing the antioxidant defenses to neutralize ROS overgeneration during normoxic training sessions and periods spent under hypoxia, the runners subjected to 18 days of LHTL may have decreased their resting antioxidant capacities as illustrated by the decrease in FRAP, a-tocopherol, lycopene and b-carotene. On the contrary, the same training without hypoxia exposure had no effect on the antioxidant capacities. These results suggest that a running training associated with hypoxia exposure was too severe for maintaining plasma antioxidant status.
In this context, the post-training a-tocopherol values of HG runners, 35% under the normal range (31 mmol/l; Hercberg et al., 2004) , were similar to the serum smoker's values (20 mmol/l) known to be pathological (Kharb et al., 2001) .
Physical exercise and hypoxia exposure are able to increase ROS. We previously found in the same individual athletes before training that a 3-h exposure to the simulated altitude of 3000 m at rest induced an increase in plasma oxidative stress markers and a transient decrease in non-enzymatic antioxidant values (FRAP and, a-tocopherol/TG ratio; unpublished data).
Moreover, the oxidative stress induced by physical exercise is well described in the literature (Vollaard et al., 2005) Effects of 'living high-training low' (HG) and 'living lowtraining low' (CG) regimen on plasma ferric-reducing antioxidant power (FRAP) and a-tocopherol, at rest. Values are means (s.e.m.) for CG (n ¼ 6) and HG (n ¼ 6). Significance of differences: w Po0.05 vs pre-training period (PRE). Live high-train low and antioxidant balance V Pialoux et al oxygen-derived intermediates (Sen, 1995) . Although Clarkson and Thompson (2000) and Miyazaki et al. (2001) showed that endurance training improved the antioxidant enzymatic response, the excess of ROS produced during oxidative stress periods may partially deplete the antioxidant pool. We recently reported in highly trained runners a decrease in antioxidant parameters after repetition of oxidative stimuli (intense hypoxic exercises) during 6 weeks (Pialoux et al., 2006) . In this context, an antioxidant supplementation during intense training could maintain physiological antioxidant values and limit ROS damages induced by physical exercise (Schroder et al., 2000; Goldfarb et al., 2005; Morillas-Ruiz et al., 2006) . However, the efficiency of antioxidant on the cellular protection against ROS has not yet been fully established. Indeed, oxidative stress induced by 14 days at high altitude was not diminished, as well at rest as after submaximal exercise, after 3 weeks of antioxidant supplementation (Subudhi et al., 2004) . Nevertheless, in demonstrating that antioxidant supplementation was effective only if it is combined with endurance training, the results of Marsh et al. (2006) may explain these controversial reports.
Although we failed to find correlation between vitamin intake and plasma antioxidant, we speculate that the increase in demand of antioxidant during LHTL caused by the repetitions of normoxic exercise and moderate hypoxia exposure could reduce the antioxidant pool if the nonenzymatic antioxidant dietary does not match their utilization (Sen, 2001) .
The intake in selected lipid-soluble antioxidant like vitamins A (sum of retinol and b-carotene) and E for our subjects was not enough when compared to the recommended allowances and definitely insufficient if we considered from the dietary recording that our subjects daily spent more energy than 2200 kcal (Table 3) (ASSFA, 2003) . The deficit in vitamins A and E could be explained by the intake of lipids (the most suppliers in lipid-soluble vitamins) that were lower than those recommended (Table 3) and by the lack of supplementation in antioxidants. Indeed, the strategy of a lipid reduction in the diet during the aerobic preparation periods to lose fat mass is frequently used by elite endurance runners (Burke et al., 2003) .
Additionally, the resting oxidative stress values seem to confirm the antioxidant status levels. Indeed, after training the HG strongly increased both markers ( þ 104% for AOPP and þ 62% for MDA). These resting oxidative stress increases were already reported by Chao et al. (1999) in trained US marines subjected to moderate altitude (approximately 3000 m) during strenuous work. Moreover, both AOPP and MDA concentrations measured after training were close to those reported for chronic renal failure or hemodialysis patients (Witko-Sarsat et al., 1996; Mezzano et al., 2001) . On the contrary, the swimmers exhibited post-training values similar to healthy subjects (Mezzano et al., 2001) .
As for their antioxidant status levels, HG increased their values of oxidative stress in response to acute hypoxia stress (4800 m test) after the training (Table 2 ). This result corroborates those of Palazzetti et al. (2003) who observed higher values in MDA following a normoxic maximal exercise after an overloaded training period. Because of the antioxidant status decrease, the HG runners were less efficient to neutralize the excess of ROS produced during the 4800 m test.
In the control group, post-training plasma oxidative damages (MDA and AOPP) were not affected in response to 4800 m test whereas they increased in pre-training. Improvement of antioxidant defenses and decrease in oxidative stress are usually observed after endurance training performed at sea level (Ohno et al., 1988; Robertson et al., 1991; Di Massimo et al., 2004) . Although the subjects were highly trained athletes, the runners significantly increased their daily training volume during the intervention ( þ 45%) compared to their usual training (Brugniaux et al., 2006a) . In this context, Miyazaki et al. (2001) reported that the decreased in plasma MDA in response to exhausting exercise after 12-week endurance training was mainly explained by antioxidant enzyme activity increase.
Furthermore, these results could also be assimilated to the mechanism of preconditioning to hypoxia observed in rats by Chen et al. (2003) . They demonstrated that chronic exposure to high altitude (5500 m, 15 h a day during 4 weeks) attenuated the renal response to free radicals in rats subjected to oxidative stress and concluded that this adaptation was due to higher superoxide dismutase activity. In this context, the ROS overproduced in hypoxia seem to improve the antioxidant gene expression to limit its subsequent cellular damages (Das and Maulik, 2006) .
In conclusion, the repetition of aerobic training sessions in normoxia associated with resting exposure to hypoxia was responsible for a decrease in antioxidant in the plasma probably enhanced by too low intakes of lipid-soluble antioxidants. Nevertheless, the reduction of the stimulus load (that is, lower duration of the training and/or lack of additional hypoxia exposure) allowed maintaining the plasma antioxidant status at the baseline level.
Further studies are required to investigate whether an antioxidant supplementation could balance antioxidant status in athletes subjected to intense and prolonged training associated with hypoxia.
